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© Analogue probe calibration. 

<S) Disclosed is a method of obtaining data to determine a rotation matrix R, for rotating the axes <xy z) ol fan 
<sy uiscioseo is « mm /pre\ onto the axes (XY.Z) of a mach ne coordinate system (MCS). The 

analogue probe coordinate system (PCS) onto the ; ^ <* T £ ' ° ( 2) sup p 0rte d by the probe for 

head (14) of the machine is driven to bring a measuring tp (16) of a stylus g*) * * _ 

simultaneous equations and thus determine the rotation matnx R. 
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ANALOGUE PROBE CALIBRATION 



The oresent invention relates to the calibration of an analogue probe, and to a method of operating a 
coordinate Zoning machine (such as a coordinate measuring machine or machine too.) to wh,ch such 
nmbe is attached in order to obtain data for the calibration. 

A wolSl analogue touch probe for use on a coordinate positioning machine supports a stylus for three 
dimensSaf movement relative to the head of the machine to which me probe is ^*ed Transducers 
meTsure te displacement of the stylus relative to the probe along three axes whtoh define a probe 
cToXate Astern. When the machine to which the probe is connected is operated to bnng the stylus .nto 
«n2 witTa surface, the position of the surface within the probe coordinate system may thus be 
measurJtith the transducers. The machine typically also has three transducers wh,ch measure the 
Zrtrowrtrf the head relative to a bed of the machine along three axes, defining.a machine coordinate 
system ^e position of the surface within the machine coordinate system may thus be de termmed by 
summTng ttie position of the sty.us in the probe coordinate system with the posrt.cn of the head .n the 

^oweT^^^ an accurate measurement, it is necessary when performing the above 

summation to know the exact orientation of the axes of the probe coordinate system within the machme 
cool^ate system: The present invention provides methods for obtaining data for ca.ibrat.ng an^ategue 
~obe to determine the orientation of the probe coordinate axes with respect to the mach.ne coord.nate 



axes 



US 4 523 450 (equivalent to EP 78984) discloses a method of calibrating the relative positions of the 
centre points of a number of stylus balls in a star-shaped stylus. Each of the balls is introduced mto a 
centering eSment (whose position is known) and the position of the ball in the coordmate system of the 

™^Z? n ?T:«r^^tu*e present invention there is provided a method of operating a connate 

DosiSno machine to obtain data for calibrating an analogue probe, the machme havmg a head an 

S£ue ^reconnected to the head, and means for measuring the position of the probe wrth.n a machme 

2l ^e" the probe supporting a sty.us for movement revive to the head and havmg for 

m^asSg the position of the stylus in a probe coordinate system, the method compnsmg the steps of. 

fixino the position of a measuring tip of the stylus in the machine coordinate system; 

2 the oStion of the said measuring tip fixed, moving the head to a pluralrty of locabons; and 

aTeach oT the Nations, measuring L coordinate position of (a) the head within the machme coordmate 

svstem and (b) the stylus within the probe coordinate system. 

A second T aspect of the present invention provides a method of operatng a coordmate posrt.on.ng 
ma cWneW»tain data for calibrating an analogue probe, the machine having a head, means «or meas^ng 
^e posmon^the head within a machine coordinate system, and an analogue probe connected *v the head 
11 prote supporting a stylus for movement relative to the head and havmg means for measunng the 
oosition of the stylus in a probe coordinate system, the method comprising the steps oh 
measunng the coordinate position of a pluralrty of locations in the machine coordmate system; 
no^itionina a measuring tip of the stylus in each of the locations; 

nTaTnS the head in a fixed position in the machine coordinate system during the sa.d pos.t.on.ng of the 

"ZTp^oToi the measuring tip. measuring the coordinate position of the measuring tip in the probe 

^CptmenSn of the method of the second embodiment requires a special calibration block. 

ISorSngly. a third aspect of the present invention provides a coord.nate posrtionmg machme 

comprising: 
a bod* 

a head suDDOrted for movement relative to the bed; 

an analo^Se probe connected to the head, supporting a sty.us for movement through a permitted range of 
2H!SS£m to the head, and having means for measuring a position of the stylus m a probe coordmate 

! X « Hhration block comprising at least three locations for a sphere, each location lying within a distance of 
aaTh ISTkSS. wNch is 'equal to the magnitude of the permitted range of movement of the stylus ,n a 

^'inSSdtments of the present invention will now be described, by way of example, and with reference to 
the accompanying drawings in which: 
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Pig 1 shows an analogue probe in a data gathering operation according to the present invention; 

Fig 2 shows a mathematical illustration of. a coordinate positioning machine equ.pped with an 

analogue probe; and ^ ^ ^ caIjbratjon b|eck to a third aspect of the present invention^ 

An analogue probe 10 supports a stylus 12 for three dimensional movement relative to a head 114 of a 
coordinate positioning machine. The stylus 12 has a semi-spherical measuring tip 1* and 
^he Xlus which conis into contact with a surface during a measuring operation. A typical analogue probe 
described in our co-pending International Patent Application PCT/GB89/01197 and supports a stylus on 
Sr e n*ogonal serially mounted linear bearings. Displacement of each of the beanngs .s ^edby a 
*Insducer (not shown), and thus the direction of extension of the bearings defines the orientation of the 
S^aSs of a probe coordinate system PCS. The stylus is continually urged to a rest posfcon by return 
ZTngTZc toe transducers are zeroed at tine rest position. The origin O of the probe connate system 
PCS is thus defined by the relative position of the stylus and the probe which corresponds to zero output 
he transducers Le of computation determines in which way the probe coordinate system ,s s* up 
rmea^Xg tnfp^sL of the sty.us. For example, the origin o' of the system PCS may be defined as 
Sir^ Sc Relative to the head 14. i.e. the transducers are notionally measuring the position of the stylus 
?2 Sate tote head 14. Atternatively the origin O o, the system may be defined as being stetic relive 
K Sus. i.e. the transducers are notionally measuring the position of the head 14 relative to toestylus 
two situations are entirely equivalent, and references to one way of measunng toe relative portion 
of head 1 4 and stylus 1 2 in the probe coordinate system PCS implicitly also refers to the other 

^eJly. toe^ee linear bearings are perfectty orthogonal, and thus the axes of the probe coordinate 
system PCS are perfectly square. However in practice this may not be the case and there may be some 
eat to toe squareness of the probe coordinate axes. Usually, the manufacturer of analogue probes such as 
fnTon^esSitSd above will provide information on the squareness error of the probe. Alternatively, the 
sTuar^esstf the probe axes may be error mapped on the machine on which the probe .s to be use* 
^ T^e head 14 of a coordinate positioning machine, is supported for 3-dimens,onal ™ vem ^°^? * 
the b2 I8?f the machine. The displacement of toe head 14. is measured In a machine ^ordinate system 
jTcS^y three transducers (which are typically scales and read heads)^ The ^ - JVJ^ £ 
machine coordinate system is arbitrary, and although ft is usually defined as the geometnc : centie ofj a 
H^m Lnere provided on the bed 18. a new machine coordinate system having an ong.n at a different 
nSTon ^ve^yZ set up (e.g. by re-setting the transducer outputs to zero). Measurement of the 
oT asuTe J pedormed Sy operating the machine to drive the measunng tipIC I of J^J^ 
fnto contact with the surface, until the stylus 12 deflects from rts rest position. The position of toe surface 
w toin toe r^chine coordinate system MCS is then determined by summing toe coordinate positic-v of toe 
Cd 114 wS the machine coordinate system MCS. and toe coordinate position of ^ us12 w^toe 
neao i* w " n „ However * «,« axes of the probe coordinate system PCS are not all parallel 

measurement. Since most measurements are made to a resolution of microns, .t .s extreme^ drfficu« to 
Xrtoepmbe coordinate axes sufficiently accurately with the machine coordinate axe toj 
nroblem Furthermore as stated above, probe axes may not be perfectly square, andm to.s station unless 
ZTnThJ souareness has been error mapped it will be impossible to achieve accurate alignment 
* 6 to ove^me Ss proWem and to determine the orientation of the probe coordinate axes ; ,n toe 
■JL ™Sd^,ate T svstem MCS we must express the unit vectors l,j,k of the axes x.y.z of the probe 
ZSSm r^eTpS the unit vecSrs 1,1.* of toe axes X.Y.Z of the machine coordinate system 

^Referring now to Fig 2. toe position of a stylus in toe probe coordinate system (as measured by toe 
transducers in the probe) is defined by a position vector U„. where: 

StfVJ lf» toe x.y.z coordinates of the stylus position in the probe coordinate system, as measured 
by the P r0 * * ans *^ rs . . Q < of the _ robe coor dinate system PCS in the machine coordinate system 
MCS" ?££ "by %i n" Jecto! Z SSfZ .He translation for translating the origin C of the probe 
Sinate system PCS into the origin 0 of toe machine coordinate system MCS. where: 

and^G^ara'JrS X.Y and Z coordinates of the position of the origin 0 in the machine coordinate 

^The position of the stylus in the machine coordinate system is given by a position vector V„ where: 
V n = F„l + 6„J + H„K 
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. p r H are the X.Y.Z coordinates of the stylus in the machine coordinate system. Thus, any position 
r;*e n machrn n e^ooT^e system may be expressed in ten. of a position vector in the probe coordmate 
system U„ and the translation vector V T . 
V„ = Un + V T 

s Or expressing each of the vectors in terms of their components: 

Fn ' Is^l be H e^«ainJo ^H^^^ Vmea^oo^nding values of F n , G, H and f„^ n f ..while 
keeo^Q 1 proS coordinate system PCS stationary in the machine coordinate system MCS (and thus 
So VT unperturbed). We thus have six unknowns Uk and F T . Gr. H T .) in the above equaton, and these 
, 0 m ay be^mTnSed with six simultaneous equations which may be expressed as two 3x3 matnx equatons. 
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Rearranging (2) 

T = [B2xM]-[A2xP]xM H 
Substituting in (1) 

AixP = BixM-B 2 xM + A 2 xP 

P[Ai -A 2 ] = M[Bi -B 2 ] 

thus 

M ~Z>e** is a rotation matrix for rotating the probe coordinate system into the machine coordinate 
system 

R \te me^uring oration for generating the data used in obtaining the caiibration described above , will 
. ^h«H wHh reference to Fig 1. The head 14 of the machine is driven to bring the measuring top 
TJ^^^SS^^ * — c 'ocation point 20 provided on a caiibraUon bjock 2* 

11 JZJuSr location 20 tvoically comprises three balls 24 embedded in the surface of the block, and 
^ X^XT^TTZ vertices of an equilateral triangle. The calibration block 22 is preferably 

SSSltSrSSS offals (each for support a kinematic ^T^^ZSPZ 

L Tmentra^mSoi^ , 
^tel^^^Z tip 16 in thematic iocation point 20 fixes the position of th. styhjs 

12 wlin tne machine coordinate system MCS. With the measuring tip 16 of the ^ .« J** "V *• 
JUT Ordinate system the head 14 is now moved to six different locations wrthrn the machme 

coS nate^em At each' oMhese locations, the position of the head within the machine coordmate 
s^em? mealed, and the position of the stylus within the probe coordinate system ,s measured. As 
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stated above, it is desirable to keep the probe coordinate system PCS fixed within the mach.ne coord.nate 
svstem MCS during these measurements, since this leaves the translation vector V T unperturbed. Thus, .n 
this embodiment of the present invention the origin O of the probe coordinate system is defined as being 
static relative to the stylus; the transducers of the probe are thus notionally measuring the position of the 
s head 14 relative to the stylus 12. As explained above, this is entirely equivalent to the converse situation 
where the origin of the probe coordinate system is defined as being static relative to the head, and the 
transducers notionally measure the position of the stylus 12 relative to the head^The data gathenng 
operation described above yield six sets of machine coordinates [F,.G,.H,] to fFe.G* H«] each giving a 
position of the head within the machine coordinate system, and six sets of probe coordinates [f,.g,.h,] to 
»o (f s as h 6 ] each giving a position of the head within the probe coordinate system. 

» the axes of the probe coordinate system are not excessively misaligned with the axes of the machme 
' coordinate system, and the servoing system for driving the head of the machine to a given position is 
sufficiently accurate, ft is possible to effectively eliminate the translation vector V T from the equations (1) 
and (2) derived above. This is done by driving the head 14 (with the position of the measuring hp 16 of the 
,s stylus still fixed in the machine coordinate system) to a position at which the outputs of the probe 
transducers are zero. i.e. the stylus is at the origin of the probe coordinate system (or. in this specific case 
the head is at the origin of the probe coordinate system, since the origin O of the PCS is defined as being 
static relative to the stylus). With the head 14 at this position, a new machine coordinate system may be set 
uo whose origin coincides exactly with the origin of the probe coordinate system (thus eliminating the 
20 translation vector V T from the equations (1) and (2)). Alternatively, to avoid setting up a new machine 
coordinate system the position of the origin O of the probe coordinate system w*.n the machme 
coordinate system may simply be entered into equation (1). Measuring the position of the origin O the 
probe coordinate system in the machine coordinate system reduces the number of locations to which the 
head must be driven (in order to obtain sufficient data to solve equations (1) or (2)) to three different 
« locations relative to the measuring tip of the stylus, not including the position to which the head was driven 

in order to measure the origin O . ... 

in order to perform an alternative (and less preferable) method of obtaining the necessary calibration 
data a calibration block on the bed of a coordinate positioning machine having a location for the measuring 
tip 16 of the stylus 12. is provided. Such a block is illustrated in Fig 3. This location 40 comprises ! 5.x baHs 
30 42 packed closely together in the shape of a hexagon, and embedded in the surfaced a calibration block 
44 Such a location point provides six kinematic locations L, to U in close proximrty. The locations L, to U 
must all be close enough to each other in a given plane to allow the measuring tip 14 of the stylus 12 to 
e^age each location Jthout moving the probe. It is not essentia, for the locations ^ 
any arrangement which provides three mutually convergent surfaces may suffice. Another option for the 
as locations would be a number of conical recesses. 

in Sder to obtain the calibration data using this second method, the posftion of the locations L, to Uin 
the machine coordinate system is first measured (e.g. using a probe wh.ch has already been calibrated)^ 
The head 14 of the machine is then driven to bring the measuring tip 16 of the stylus ;into 
one oUhe six kinematic locations provided by the location point 40. The position of the "ead14wtt.nl tm 
40 machine coordinate system is then kept fixed, and the measuring tip 16 of the stylus is moved into each of 
SI* locations L, to U in turn. Thus, we now have the positions of six points in space as measured 
Tth^ mach^ne^rdinate system (giving [Fi.C.H,] to [F 6 ,G 6 .H 6 ]), and also the positions of the same six 
rmTatured in the probe coordinate system (giving tf,.g,.h,] to Ps.gs h 6 ]). Sinoe^ in this ^bodiment 
of the present invention the head 14 is kept stationary in the machine coordmate system, the origin O of 
<5 me probT cSoinate system is defined as being static relative to the head 14. and thus transducers are 
notionlny measuring tf>e position of the stylus relative to the head 14. As with the preferred embodiment of 
torpres^vention H is^ossible to reduce the number of locations to which the stylus must be moved to 
mieTy meTuring the translation vector V T . This is done by driving the head 14 into a position at which 
thetrobe tiansducers are zero. (i.e. the stylus 12 is at the origin of the probe coordinate system) when the 
«, measuring tip 14 is engaged in the first of the locations L, to U- The head 14 is then kept in this position 
for the remaining three measurements. .__ inoc 
The measured values of [f n .g„.h n ] and [F„.G n .H B ] are entered into a computer.j^ich then determ nes 
and stores the rotation matrix R. Measured values of the coordinate position of the stylus in the probe 
coordinate system PCS may then be sent to the computer (after being quantised where necessary by an 
ss analoaue-to-digital converter) which then outputs a coordinate position in the machine coordinate system. 
55 ^ogue^ gu ^ ^ ^ coor£jinate system we defined by the physical structure of the 

probe It is thus unlikely (due to manufacturing tolerances) that the axes of the probe coordinate system will 
te eictly orthogonal. However, if this is the case, and the translation vector V T has been eliminated from 
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the equiation by measuring the origin of the probe coordinate system, then the number of measured points 
SlSTft. position of the head 14, or the measuring tip 16) required is on* too. not mciudmg the 
m^uremen* required to eliminate the translation vector V T . This is because H the axes ofthe probe 
Slnate system are perfectly orthogona. then, the following relationship between the unrt vectors of the 
probe coordinate system exists: 
i x j = k 



Claims 

1 A method of operating a coordinate positioning machine to obtain data for calibrating an analogue 
,™h* /10> the machine having a head (14). means for measuring the position of the head (14) within a 
n\aSine coordinate system (MCS) and. an analogue probe (10) connected to the head (14). the probe 
s^PO^Q a stylus (12) for movement relative to the head (12) and having means for measuring the 
position of the stylus (12) in a probe coordinate system (PCS), the method comprising the steps oft 

So the position of a measuring tip (16) of the stylus (12) in the mach.ne coordinate system (MCS). 

T» r'poS^ oHhfSdteasuring tip (16) fixed, moving the head (14) to a plurality of tocstions^ and 
Teach oTthe locations, measuring the coordinate position ([F B .G n .H n ]; [f n .g n .h oD of (a) the head 04)w.th.n 
me machine coordinate system (MCS). and (b) the stylus (12) within the probe coordinate system (PCS). 

2 A method according to claim 1 further comprising the steps of: _ 
with the position of the measuring tip (16) of the stylus (12) fixed in the machine coord.nate system (MCS) 
mo^tS nead (14) to a location within the machine coordinate system at which the stylus (12) l,es at the 

oriain (O) of the probe coordinate system (PCS); 

during °he coordinate position (F B .G„.H n ) of the head (14) within the machine coordinate system (MCS). 

selling up a new machine coordinate system having the said measured coordinate position as its origin. 

3 A method according to claim 1 further comprising the steps of: 

with the position of the measuring tip (16) of the stylus (12) fixed in the machine coordinate system (MCS) 
mo^ng tS head (14) to a location within the machine coordinate system at which the stylus (12) lies at the 
oriain to') of the probe coordinate system (PCS): /nr*Q\ 
meaning the coordinate position (F n .G n .H n ) of the head (14) within the machine coord.nate system (MCS) 

owning a translation vector (V T ) for translating the origin (O') of the probe coordinate system (PCS) into the 

° ri9i 4 n 3 -ere, the axes (x,.z> of the probe coordinate system 

iPCsi are orthogonal and the number of locations to which Ihe head (14) is moved <s three. 

( s A method according to claim 2 or claim 3 wherein the axes (x.y. Z ) of the probe coordmate system 

IPCS) are not orthogonal, and the number of locations to which the head (14) is moved 'sjour. 

( 6 A mettiod according to claim 1 wherein the axes (x.y,z) of the probe coordinate system (PCS) are not 

«rthnnnnai and the number of locations to which the head (14) is moved is six. 

^A memod of operating a coordinate positioning machine to obtain data for c^ibrati ,,g ; an ana^e 
probe' HOT Ihe machine having a head (14). means for measuring the posmon of the head (14) w.mm a 
marine coordinate system (MCS) and. an analogue probe (10) connected to the head (14) tine probe 
s^oritngTstylus (12) for movement relative to the head (14) and having ™™l*°<™** urm * 
Sinn of the stylus (1 2) in a probe coordinate system (MCS). the method compnsing the steps of. 
SS^SSSLi posSon (F n .G n .H„)of a plurality of locations (L, to U) in the machine coordinate 

pStionin^measuring tip (16) of the stylus (12) in each of the locations (L, to U); 

S^SdT)t a fixed position in the machine coordinate system (MCS) during the said 

tip (16). measuring the coordinate position (f n .g^) of the 
measuring tip (16) in the probe coordinate system (PCS). 

8 A method according to claim 7 further comprising the steps of: 
withtte measuring tip (16) of the stylus (12) positioned at the first of the locations (L,to n™ng the 
head 04) of *e machine to a location within the machine coordinate system (MCS) at which the stylus (12) 
lies at the origin (O') of the probe coordinate system (PCS); 



6 



10 



IS 



20 



m 



BP 0 389 108 A2 




measuring the coordinate position (F„,G n ,H n ) of the head (14) at the said location in the machine coordinate 
system (MCS); and 

setting up a new machine coordinate system having the said measured coordinate position as its origin. 

9. A method according to claim 7 further comprising the step of. 

with the measuring tip (16) of the stylus (12) positioned at the first of the locations (Li to U). moving the 
head (14) of the machine to a location within the machine coordinate system (MCS) at which the stylus (12) 
lies at the origin (O') of the probe coordinate system (PCS); 

measuring the coordinate position of the head (F n ,G n ,H n ) at the said location in the machine coordinate 

system (MCS); and , . 

determining a translation vector V T for translating the origin (O ) of the probe coordinate system (PCS) into 
the origin (O) of the machine coordinate system (MCS). 

10. A method according to claim 8 or claim 9 wherein the axes (x,y,z) of the probe coordinate system 
are orthogonal and the number of locations to which the head is moved is three. 

11. A method according to claim 8 or claim 9 wherein the axes (x.y.z) of the probe coordinate system 
are not orthogonal, and the number of locations to which the head is moved is four. 

12. A method according to claim 7 wherein the axes (x,y,z) of the probe coordinate system are not 
orthogonal, and the number of locations to which the head is moved is six. 
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© Analogue probe calibration. 

© Disclosed is a method of obtaining data to deter- 
mine a rotation matrix R, for rotating the axes (x,y,z) 
of an analogue probe coordinate system (PCS) onto 
the axes (X.Y.Z) of a machine coordinate system 
(MCS). The head (14) of the machine is driven to 
bring a measuring tip (16) of a stylus (12) supported 
by the probe for movement relative to the head (14) 
into engagement with a kinematic location (20). With 
the tip (16) fixed in the location (20) the head is then 
moved to six different locations. The coordinate posi- 
tions of the head (14) in the machine coordinate 
system (MCS), and the stylus (12) in the probe 
coordinate system are used to set up six simulta- 
neous equations and thus determine the rotation 
matrix R. 
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